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ABSTRACT
The inelastic background of hard x-ray photoelectron spectroscopy data is analyzed to paint a depth-resolved picture of the CdS/Cu(In,Ga)Se2
(CdS/CIGSe) layer structure. The CdS/CIGSe interface is the central component in next-generation chalcopyrite thin-film photovoltaic
devices. By analyzing both, the (unscattered) core-level peaks and the inelastic background, and by varying the excitation photon energy
from 2.1 up to 14 keV, we can derive photoemission information over a broad range of electron kinetic energies and, hence, sampling
depths. With this complementary information, the CdS film thickness of a CdS/CIGSe interface can be accurately determined as a function
of the CdS deposition time. For the thinner CdS films, the film thickness can be shown to vary laterally. Furthermore, small amounts of Se
and process-related Rb can be detected in a thin (∼2 nm) surface layer of all investigated CdS films.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001336
I. INTRODUCTION
Surfaces and interfaces play a crucial role for the function and
performance of electronic devices such as batteries, solar cells, and
catalysts. The electronic and chemical properties at these surfaces
and interfaces often differ significantly from the bulk properties of
the involved materials, which is particularly true for “real-world” (i.e.,
nonideal) systems, for which compositional gradients, diffusion, and
intermixing play important roles.1–4 For an insight-driven optimiza-
tion of such devices, a detailed characterization of these effects is
necessary. This requires characterization techniques with suitable
information depth that can probe the volume of interest, ideally in a
depth-resolved fashion. Most commonly, destructive techniques like
secondary ion mass spectroscopy,5,6 x-ray photoelectron spectroscopy
(XPS) in a depth-profiling mode,7,8 or glow discharge optical emission
spectroscopy9,10 are employed that combine the removal of material
from the surface region with a surface-sensitive and/or element-
specific probe to give a depth-resolved picture of the chemical compo-
sition. However, these techniques are well known to suffer from, e.g.,
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surface and matrix effects, preferential sputtering, implantation,
amorphization, crater formation and many other effects, making a
correct interpretation of the data extremely challenging and the infor-
mation content of these methods highly questionable.5,9,11,12
Such effects can be avoided by using nondestructive and chemi-
cally sensitive characterization techniques like XPS, x-ray emission
spectroscopy (XES), or x-ray absorption spectroscopy (XAS). The
challenge with these techniques is to vary their surface sensitivity to
gain depth information. This requires varying the characteristic atten-
uation length λ or the path length d that govern the exponential
decay I ¼ I0  ed/λ of the (unscattered) signal of these techniques.
Great success has been achieved by using a combination of techniques
with significantly different λ, e.g., XPS and XES,1,13–16 or by employ-
ing different yield modes in XAS,17 but suitable absorption edges and
emission transitions are required. The “effective” attenuation length λ
can also be varied using angle-dependent measurements18,19 but this
approach only works well for flat surfaces, which are usually not
found in real-world systems when cost-efficiency is required.
For XPS, the electron inelastic mean free path (IMFP) λ is a
function of the kinetic energy, which can be employed either by
comparing different peaks of the same element at different kinetic
energies or by varying the kinetic energy of a given XPS line by
using different photon excitation energies. In recent years and with
much pioneering impetus by Chuck Fadley and co-workers,20–23
the range of accessible kinetic energies was extended by the devel-
opment of new synchrotron beamlines optimized for hard x-ray
photoelectron spectroscopy (HAXPES). With these new setups,
λ can be increased significantly (e.g., from ∼3 nm for laboratory-
based XPS up to ∼16 nm for HAXPES with photon energies of
15 keV).24–26 Thanks to Chuck’s energetic leadership, HAXPES is
now a powerful technique to study deeper layers of samples with
complex inner structures.27–29
In most cases, the intensity and attenuation of the unscattered
(or elastically scattered) photoelectron peaks (“main lines”) are ana-
lyzed to derive information about the depth distribution of the
respective element. While such an analysis already gives valuable
insights, the information content can be drastically increased by
also analyzing the shape of the inelastic background, i.e., the overall
spectral structure formed by the inelastically scattered electrons.
This background contains information on the elemental distribu-
tion30,31 for depths of up to 10 or even 20 λ,32–34 a length scale on
which the main line is not visible at all. Since the average electron
energy loss is roughly proportional to the distance the electron has
traveled in the material,30,35 the kinetic-energy axis is also an
“energy-loss” axis and can even loosely be considered as a kind of
“depth-information” axis. To do this, a few 100 eV of inelastic
background has to be measured at the low-kinetic-energy side of
the peak. This works particularly well for HAXPES, for which λ is
large and only a few Auger transitions36–40 are present at higher
kinetic energies. The background can, therefore, often be measured
over a wide energy range without interfering signals from other ele-
ments. The potential of this approach has been extensively explored
with “conventional” XPS for more than 30 years30–32 and in recent
years also with HAXPES. The accuracy for the application with
HAXPES has mainly been evaluated by the analysis of model
systems31,33,34,41,42 but also first steps to address applied materials
have been taken.43
In this paper, we present a model study of the inelastic
background in HAXPES data together with the corresponding
photoemission main lines to draw a depth-resolved picture of the
CdS/Cu(In,Ga)Se2 (CdS/CIGSe) interface. This heterojunction is
the central component in chalcopyrite thin-film solar cells, and
very high power conversion efficiencies (up to ∼23%) can be
achieved.44–46 This is particularly true if the CIGSe absorber is
exposed to a heavy-alkali postdeposition treatment (PDT),45,46
which significantly modifies the chemical structure at the surface/
interface. In earlier studies, we have shown that a RbF-PDT leads to
a favorable conduction band alignment,47 an improved CdS growth
with chemical bath deposition (CBD),48 and diffusion of rubidium
and sodium toward the surface of the CdS layer.13 Other studies
also showed improved CIGSe bulk properties after PDT.49–51 Earlier
XPS/XES studies of CdS/CIGSe and similar interfaces have further-
more shown a S-Se intermixing at the interface, indicating the
(further) complexity of this real-world heterojunction.15,52,53 With
the present HAXPES study, using excitation photon energies from
2.1 up to 14 keV (as provided by the newly built X-SPEC beam-
line,54 see below), we can further refine this complex picture of the
CBD-CdS/RbF-PDT CIGSe interface by analyzing the photoelectron
main lines and the inelastic background signals.
II. EXPERIMENT
CdS/Cu(In,Ga)Se2 heterojunctions were prepared at the
Zentrum für Sonnenenergie-und Wasserstoffforschung Baden
Württemberg. The CIGSe solar cell absorbers were grown in an
in-line multistage process by coevaporating Cu, Ga, In, and Se onto
a sputtered Mo/soda-lime glass substrate at elevated temperatures.55
After completion of the CIGSe layer formation, the absorbers were
exposed in situ to an RbF postdeposition treatment under selenium
atmosphere (PDT).46 The Ga/(Ga + In) ratio of the absorber bulk
was ∼0.33, as determined by x-ray fluorescence spectroscopy.
Subsequently, the absorbers were rinsed in an 1.5 M ammonia solu-
tion in order to remove excess RbF material. Afterward, CdS buffer
layers were deposited onto the CIGSe absorbers by CBD, generating
a CdS sample series with increasing thicknesses corresponding to
CBD times of 1.5, 3.5, 5.0, 6.5, and 8.5 min. The deposition of the
CdS layers were performed at 65 °C from a 200ml solution contain-
ing 1.4mM CdSO4, 1.5M NH4OH, and 0.12M thiourea. The thick-
ness of the 8.5 min CdS film is estimated as 50 (±5) nm by the
interference color of CdS on a molybdenum-coated soda-lime glass
substrate, which was grown in the same bath used for the corre-
sponding CIGS sample. Twin CdS/CIGSe samples with a CdS thick-
ness of 50 (±5) nm were further processed to full solar cells (total
area of 0.5 cm2) with an i-ZnO/Al-doped ZnO front contact and
achieved average conversion efficiencies of ∼17% without antireflec-
tive coating. All samples for the HAXPES surface analysis were
briefly exposed to air after growth, sealed under nitrogen atmo-
sphere, and transferred to the Karlsruhe Institute of Technology
(KIT), where the samples were unpacked and mounted on a sample
holder in an Ar-filled glovebox. The samples were then transferred
to the ultrahigh vacuum chamber of the experimental station. The
total air exposure time of each sample was less than 5 min.
HAXPES measurements were performed at the X-SPEC
double-undulator beamline54 of the KIT Synchrotron (KARA
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accelerator) using a Phoibos 225 electron energy analyzer (SPECS).
X-SPEC is a novel and unique undulator-based spectroscopy beam-
line, enabling experiments with excitation energies from 70 eV to
15 keV. For the present data set, experiments were conducted with
photon energies of ∼2.1, 6.3, 9.0, 12, and 14 keV using the Si(111)
reflection of the Double Crystal Monochromator of the X-SPEC
beamline.
The background analysis of the HAXPES spectra was per-
formed with the software package QUASES-TOUGAARD Ver. 7.50.26
III. RESULTS AND DISCUSSION
Selected HAXPES survey spectra of the CIGSe absorber, as
well as the 5.0 and 8.5 min CdS/CIGSe samples, are shown in
Fig. 1 (measured with an excitation energy of 12 keV). Survey
spectra of all samples at other excitation energies are plotted in the
supplementary material.62
As expected, the CIGSe spectrum shows many absorber-related
lines, e.g., Se 2s and 2p, Ga 2p, Cu 2p, and In 3s, 3p, and 3d. For the
5.0 min CdS/CIGSe survey spectrum, strong Cd- and S-related peaks
are detected, while the absorber-related peaks are strongly attenuated
by the CdS layer. However, we find clear “steps” in the background,
extending for several hundred electron volts, at the high-binding/
low-kinetic-energy side of the respective peak positions, which is
highlighted for the Se 2s and 2p peaks in the inset of Fig. 1. With
further increasing CBD time (8.5 min), these steps decrease in inten-
sity and move further away from the corresponding peak but are still
visible (this is best seen in Fig. 2). The decrease in peak intensity and
the relative increase of the inelastic background are caused by inelas-
tic scattering of electrons from the respective CIGSe absorber core-
level lines as they pass through the CdS overlayer; and these electrons
will be analyzed in detail in this paper. To do this, we will focus on
the “background region” between the S 1s and Cd 3s core-level lines
(i.e., 800–2400 eV, as marked by the red-dashed rectangle in Fig. 1),
which only contains CIGSe-related signals (i.e., Se 2s and 2p, Ga 2s
and 2p, and In 3s).
The corresponding spectral region was measured with five dif-
ferent photon energies between 2.1 and 14 keV. From these spectra,
several aspects of the CdS/CIGSe layer structure can be investigated
and will be discussed below, each addressed best with a different
combination of experimental parameters:
(1) The overall CdS film thickness: Due to the variation in λ,
spectra with lower kinetic energies (i.e., excited with lower
photon energies) are better suited for the thinner films, while
spectra with higher kinetic energies (i.e., higher photon ener-
gies) are best used for the thicker films.
(2) Diffusion/segregation of absorber elements: For the kind of dif-
fusion observed in the present case, the lower photon energy
data are suited best.
(3) The homogeneity of the CdS film thickness: This is best
addressed with the thinner samples in the set and the full
range of available excitation energies.
To obtain a first estimate of the overall thickness of the
various solution-grown CdS films, we now discuss the data excited
with 14 keV photons, a section of which is plotted for all samples
in Fig. 2 (black spectra). At this excitation energy, the kinetic
energies in the analyzed “background region” are in the range of
∼12–13 keV, which gives a λ of ∼16 nm, as determined by the free
software QUASES-IMFP-TPP2M (Ref. 26) (which is based on
Refs. 24 and 25). With increasing CdS buffer layer thickness, the
absorber-related peaks are strongly attenuated (note the multiplica-
tion factors of up to ×48, at the left ordinate in Fig. 2) while the rela-
tive background intensity of the inelastically scattered electrons
increases. For the longest CBD time (8.5 min), no Ga main line is
visible, while very small Se 2s and 2p signals are still detectable. This
suggests that Ga and Se have different depth distributions after the
CBD-CdS/CIGSe interface formation and that some Se may be
FIG. 1. HAXPES (hν = 12 keV) survey
spectra of the CIGSe absorber, the 5.0
min, and the 8.5 min CdS/CIGSe
samples (from bottom to top). The
inset shows the magnified region
marked by the red-dashed rectangle,
which contains only CIGSe-related
signals (the “background region” for
CdS). Prominent photoemission and
Auger features are labeled. (Color
online.)
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present in the topmost region of the CdS buffer layer. This interpre-
tation is also corroborated by the more surface-sensitive measure-
ments at 2.1 keV excitation energy (where Se 2s and 2p, but no
Ga-related signals, are visible for the 8.5 min CdS sample, see further
below) as well as by the detailed background analysis in conjunction
with Fig. 4.
In addition to the photoemission main lines, distinct varia-
tions in the inelastic background at the low-kinetic-energy side of
the respective photoelectron peaks are observed. This is best seen
for the Se 2s signal at 12 350 eV. In particular, the maximum
intensity of the inelastic background shifts to lower kinetic ener-
gies with increasing buffer layer thickness, while the onset of the
loss-features remains at constant energy. This can be easily under-
stood:30 for a thicker CdS layer, the majority of the Se 2s photo-
electrons faces an increased probability of inelastic scattering
events before reaching the surface, and consequently their average
energy loss increases as well, while the minimal possible energy
loss remains the same.
To analyze the inelastic background with the QUASES soft-
ware,26 we first apply the simplest model in the software, i.e., a CdS
layer of homogeneous thickness, on top of the (buried) CIGSe
absorber (as sketched at the top right of Fig. 2). We expect this to be
a reasonable first approximation since earlier studies indicate that
CdS grows quite homogeneously on RbF-PDT treated CIGSe surfa-
ces and that the CdS layer is already closed after 3 min of CBD.13,48
The CIGSe layer thickness is in the range of 2 μm (Ref. 55) and can,
therefore, be set to infinity in the model. For each spectrum, the
CdS overlayer thickness in the model was manually adjusted until a
good agreement between experiment (black curve) and calculated
background (red curve) is achieved. At the same time, the inelastic
scattering cross section was optimized in an iterative process such
that a good agreement is achieved for all CdS thicknesses. The
parameters C and D of the inelastic scattering cross-section
description56 λ(E)K(E, T) ¼ θ(T  T0)  [(B T)/(C  T2)2 þ DT2]
were determined to C = 300 eV2 and D = 260 eV2 for CdS and
C = 180 eV2 and D = 80 eV2 for CIGSe. B was adjusted such that the
area under the curve λ(E)K(E,T) is unity. The bandgaps T0 of the
CdS layer and the CIGSe absorber surface were set to 2.4 and 1.4 eV,
respectively.47,57 For the 1.5 and 3.5 min CBD-CdS samples,
linear combinations of the CIGSe and CdS inelastic cross sections
were used: “0.60 × CIGSe + 0.40 × CdS” for 1.5 min CBD-CdS
and “0.09 × CIGSe + 0.91 × CdS” for 3.5 min CBD-CdS.
FIG. 2. Se 2s/2p and Ga 2s/2p spectral region for CIGSe and CdS/CIGSe
samples with increasing CdS-CBD time, measured with a photon energy of 14 keV.
The data are shown in black and the simulated inelastic background (based on the
simple model shown in the top right corner) in red. The determined CdS thick-
nesses as well as the magnification factors are given on the left. (Color online.)
FIG. 3. Se 2p main line and background region for the CIGSe and CdS/CIGSe
samples with increasing buffer layer CdS-CBD time, measured at a photon
energy of 2.1 keV. Magnification factors are shown on the left. The data are
shown in black and the simulated inelastic background in red. (Color online.)
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The resulting background fits and the corresponding CdS
thicknesses are shown in Fig. 2. As expected, with increasing CBD
time, the determined CdS thickness increases for the analyzed
data. The corresponding values are listed in Table I (and summar-
ized in Fig. 5, discussed further below). At 14 keV photon energy,
we find a CdS thickness of 55.0 (±5.0) nm for the 8.5 min
CBD-CdS layer in agreement with the optically derived nominal
thickness estimate of ∼50 nm. This is approximately a factor of 3.5
larger than the IMFP of ∼16 nm of the measurement. Other CdS
samples are best described by a layer thickness that is slightly
larger than the estimate—for example, the 14 keV excitation analy-
sis suggests a layer thickness of 26.5 (±3.0) nm for the estimated
18–20 nm sample. Overall, we find a very good description of the
background of the thicker buffer layers over the entire energy
range but deviations are clearly visible for shorter CBD times and
kinetic energies below ∼12 300 eV. This suggests that the layer
structure is more complex than in the simple model sketched in
Fig. 2, which will be discussed in the following.
For a first refinement step, we will now turn from the most
bulk- to the most surface-sensitive measurements in our series.
Figure 3 shows the Se 2p region measured at 2.1 keV excitation,
resulting in an IMFP of λ = 1.5 nm. For all CdS/CIGSe samples, even
for the 8.5 min CdS/CIGSe sample, a Se 2p signal is visible (but note
the extremely high magnification factors given in Fig. 3, up to
×400— such magnification factors are achievable thanks to the very
high photon flux and count rates of the X-SPEC beamline). Using
the model of a CdS overlayer of uniform thickness, an “effective”
CdS thickness d can be derived from the Se 2p peak attenuation
using I ¼ I0  ed/λ. The results are also included in Table I.
We find that the such-derived thickness values are generally
smaller than the nominal ones, and, in particular, significantly
smaller than the ones determined by the inelastic background
analysis discussed above. In other words, the Se 2p intensity is
higher than expected for the simple homogeneous CdS layer
model. Several (real-world) sample imperfections could, in general,
explain such behavior, in particular, pinholes, cracks, or scratches
in the CdS layer, a diffusion (or segregation) of Se into the CdS
layer, and/or readsorption onto the surface in the CBD bath. Here,
pinholes, cracks, and scratches can be excluded since the peak
intensities of all other absorber elements are attenuated as
expected from the CBD-CdS film thickness; and this is shown here
by an evaluation of the In 3d line intensity. As listed in Table I as
well, the film thickness estimated from the attenuation of the In 3d
line closely follows the thickness determined from the inelastic
FIG. 4. Se 2s/2p main lines and back-
ground regions of the 8.5 min (left) and
3.5 min (right) CdS/CIGSe samples for
different photon energies. The data are
shown in black and the simulated
inelastic background in red. The
scheme in the bottom left corner of
each panel shows the model used to
derive the simulated background.
(Color online.)
TABLE I. CdS thicknesses of the CdS/CIGSe sample series, as determined from the inelastic background analysis for different photon excitation energies, as well as using
the In 3d and Se 2p peak attenuation at 2.1 keV. The nominal thicknesses were estimated from scanning electron microscopy cross-sectional measurements of other samples
with the same CBD times. All thicknesses are given in nanometers.
CBD time
(min) Nominal thickness estimate
From inelastic background analysis (keV)
From peak attenuation
at 2.1 keV via
I ¼ I0  ed/λ
14 12 9.0 6.3 2.1 In 3d Se 2p
1.5 n.a. 2.2 ± 2.0 3.0 ± 1.5 4.5 ± 2.0 1.9 ± 0.5 4.0 ± 2.0 2.1 ± 0.5 1.3 ± 0.5
3.5 n.a. 14.8 ± 3.0 12.0 ± 4.0 15.5 ± 4.0 15.0 ± 4.0 15.6 ± 3.1 5.9 ± 1.5
5.0 18–20 26.5 ± 3.0 22.5 ± 4.0 25.5 ± 3.0 22.5 ± 5.0 >∼20 7.4 ± 1.8
6.5 35 38.0 ± 4.0 33.0 ± 4.0 34.0 ± 3.0 37.0 ± 5.0 9.7 ± 2.2
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background, and the In 3d signal is below the noise level for all
samples with CBD times of 4 min or longer. Accordingly, the data
suggest a diffusion/segregation of Se into or through the CdS layer.
Based on a similar evaluation of XPS and XES data, such a diffu-
sion of Se from Cu(In,Ga)(S,Se)2 absorbers into CdS has been
reported previously.15,52, 53 However, the XPS line intensities alone
do not give any information on the actual diffusion profile or seg-
regation model, i.e., very different depth distributions can result in
the same line intensity behavior.58 This “information gap” can be
filled by using HAXPES and evaluating the inelastic scattering
background related to the respective core-level peaks, as we will do
in the following.
In the Se 2p region measured at 2.1 keV excitation (shown in
Fig. 3), a clear trend in the background is visible as the CdS thick-
ness increases. Relative to the intensity of the main line, the spec-
trum of the CIGSe absorber shows the largest steps in the
background, which is related to the inelastically scattered Se 2p
electrons from deeper inside the absorber. With increasing CBD
time, the intensity of this background decreases relative to that of
the Se 2p core level, and nearly no step in the background is visible
for CBD times of 5.0 min and more. Apparently, the selenium
atoms that give rise to the observed Se 2p core-level peak at 2.1 keV
must be present at or close to the outermost surface, thus leading
to no or only minimal inelastic scattering.
To quantify this, we have modeled the background of all 2.1
keV spectra. Note that the high magnification of the 6.5 and 8.5
min CdS/CIGSe spectra and the resulting lower signal-to-noise
ratio does not allow for a very precise quantification. Nevertheless,
the analysis indicates that Se is close to the surface. The back-
ground of the 5.0 min CdS/CIGSe sample can, in contrast, be
modeled very well with a thin Cd(S,Se) surface layer, a pure CdS
“intermediate” layer, and a small background signal from the
Se-containing CIGSe absorber (as shown in the left panel of Fig. 4).
We derive a thickness of 23 (±3) nm for the CdS layer. The analysis
is not very sensitive to the exact thickness of the Cd(S,Se) surface
layer but it is found to be less than ∼2 nm. We note that the best
description is found for a very small (but nonzero) Se concentra-
tion in this surface layer in the 1% range.
The background of the 3.5 min CdS/CIGSe sample in Fig. 3 is
best described with a CdS thickness of 12 (±2) nm, a Se-containing
surface layer within the upper ∼2 nm, and a higher Se concentration
(of 20–40%). However, as we will discuss in conjunction with Fig. 4,
less surface-sensitive measurements (i.e., with higher excitation
energies) of this sample suggest the need for an additional inho-
mogeneous CdS growth start model to properly describe the back-
ground (note that an inhomogeneous CBD-CdS growth start on
CIGSe absorbers with and without Rb has indeed been reported
earlier48,59,60).
Finally, the background of the 1.5 min CdS/CIGSe sample
(at 2.1 keV) can be modeled with a ∼5 nm Cd(S,Se) surface layer
(concentration ∼50%) and a CdS film thickness of 16 (±3) nm.
Again, an “inhomogeneous-growth” model gives a significantly
better description, which will be discussed below.
While Fig. 3 presented data at 2.1 keV for the different CdS
layer thicknesses (and only near the Se 2p line), Fig. 4 now shows
the wider Se 2s/2p region of the 8.5 (left) and 3.5 (right) min
CdS/CIGSe samples, varying the excitation photon energy
between 2.1 and 14 keV.
For the 8.5 min CdS/CIGSe sample, the Se 2s/2p main lines
are barely visible for most excitation energies. For the 6.3 keV mea-
surement, the inelastic background increases almost linearly, while
it becomes more intense and structured at higher excitation ener-
gies. Most strikingly, the intensity at approximately 1550 and
1800 eV increases, which shows that, with increasing photon
energy, more inelastically scattered electrons from the absorber are
detected. To continue with the model of a Cd(S,Se) layer at the out-
ermost surface, we have modeled the background of the 6.3, 9.0, 12,
and 14 keV data with a 3 (±2) nm thin Cd(S,Se) surface layer, a
CdS layer of 55 (± 5) nm, and an (infinitely thick) CIGSe absorber.
For the 2.1 keV data, only a 1.5 (±1.0) nm thin Cd(S,Se) surface
layer and no CIGSe absorber was used to model the background—
in this case, as discussed above, no inelastically scattered Se elec-
trons contribute to the background.
For the 9.0 keV data, we also find a weak Zn KLL Auger line
(Zn 1s at ∼9660 eV binding energy is excited by higher harmonics/
orders of the undulator/monochromator) in the investigated energy
window, which causes the background simulation algorithm to
produce an “oscillating” background in that region. In the 2.1 keV
data, a weak Zn 2p signal is found for all other CdS samples as
well. Using the much stronger Cd 3d line, we derive a Zn/Cd ratio
of approximately 0.003 (taking the respective IMFP, analyzer trans-
mission function, and photoionization cross sections61 into account).
The source of such a minor Zn contamination is difficult to find;
and most likely, it is a cross-contamination in one of the chemicals
of the CdS-CBD step or the work area where Zn(O,S) depositions
are also carried out. For the 6.3 keV data, we also find a rather
strong Rb 2p signal (from the intentional RbF-PDT); and it causes a
background artifact similar to that for the Zn line.
For the 3.5 min CdS/CIGSe sample (data shown as black lines
in Fig. 4 right), the Se 2s and 2p signals are easily visible for all
photon energies, indicating that the buffer layer is not yet very
thick and/or Se is diffusing/segregating into/onto the CdS layer.
FIG. 5. CdS overlayer thickness, as determined from the background analysis,
as well as In 3d and Se 2p peak attenuation as a function of CdS-CBD time.
(Color online.)
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The 2.1 keV spectra show only a very small steps in the inelastic Se
2p background (compared to the Se 2p peak height), and, as dis-
cussed above, the data are best described by a very thin Cd(S,Se) layer
with a Se concentration of ∼1% at the surface and a 12 (± 2) nm
thick CdS layer. In contrast, for higher excitation energies, the steps
in the inelastic background are much more prominent. The latter
suggests that the majority of selenium atoms is located in a buried
region (rather than at the outermost surface). For a satisfactory
description of the background, we, therefore, have to also take an
inhomogeneity in CdS thickness into account, which was already
mentioned in conjunction with Fig. 3. Note that we are studying real-
world, polycrystalline thin-film samples, and, thus, a variation in the
overlayer thickness across the surface is not at all surprising.
The inhomogeneous CdS growth start is modeled by a layer
consisting of areas with two different thicknesses. Note that the
QUASES software does not allow to simultaneously include two dif-
ferent layer thicknesses and the thin Cd(S,Se) surface layer. Thus, we
omit the Cd(S,Se) surface layer to introduce the CdS thickness varia-
tions. Omitting the Cd(S,Se) surface layer is justifiable by the
increased IMFP for higher excitation energies, leading to a lower rel-
ative contribution from a possible Cd(S,Se) surface layer.
The Se 2p and 2s background of the 9.0 keV data can best be
described by combining two regions of thickness 4.8 nm (covering
23% of the overall area) and 18.6 nm (covering 77% of the area). For
the 6.3 keV data, thicknesses of 4.6 (17% of the area) and 17.3 nm
(83% of the area) give the best description. Both sets of parameters
are within their respective margins of confidence, and slightly differ-
ent parameter sets will also lead to a good description of the data.
With this parameter set, the simulated background of the 3.5 min
CdS/CIGSe sample in Fig. 4 is in much better agreement with the
experiment than the simple overlayer model in Fig. 2.
To summarize the CdS overlayer thicknesses determined from
the background analysis using the various models, Fig. 5 shows the
CdS thickness as a function of CBD time. For 1.5 and 3.5 min, for
which the inhomogeneous CdS buffer layer growth start plays an
important role, the two discrete thicknesses derived from the
model are averaged, weighted by the respective area contributions.
The data are compared with the buffer layer thickness derived from
the In 3d and Se 2p core-level attenuation in the 2.1 keV data using
dCdS ¼ λ  ln(I/I0) (see also Table I). While the thickness calcu-
lated from the In 3d attenuation fits with those determined from
the inelastic background analysis, the values determined from the
Se 2p strongly underestimate the film thickness. As discussed
above, the latter is likely caused by the diffusion/segregation of Se
into/through/onto the CdS buffer layer; and as a result, a simple
interpretation of the Se 2p peak attenuation is not sufficient.
While no reliable nominal thicknesses are available for the 1.5
and 3.5 min CdS/CIGSe samples, the nominal thickness values
(black squares) for the 5.0 min sample shows a slight underestima-
tion of the background-determined thickness by ∼3–5 nm. This can
possibly be explained by the impact of the RbF-PDT, which enables
a denser and faster growth of the CdS.48 For the 6.5 and the 8.5 min
CdS/CIGSe samples, the nominal thickness agrees, within the error
bar, from that determined by the background models.
In addition to the Se signals, a Rb 2p signal is visible for all
CdS/CIGSe samples, as shown in Fig. 6. It stems from the deliber-
ate deposition of RbF onto the CIGSe absorber in the PDT step
and is not completely removed by the ammonia rinse prior to
buffer deposition or during the CdS CBD itself.
The Rb 2p intensity is reduced by a factor of ∼5 after the first
CdS-CBD step. However, a clear signal remains visible for all
samples, which varies strongly and unsystematically (e.g., for the
6.5 min sample). While no detailed analysis of the background is
possible in this case due to the interfering Cd MNN Auger signal,
the absence of an inelastic background step, together with the small
λ of ∼0.7 nm, suggests that Rb is present at the outermost surface of
all samples. The quantitative amount of Rb (and hence the intensity
in Fig. 6), thus, sensitively depends on the specific handling of each
sample during and after CBD, especially when the wet surface is
removed from the bath. Our results support our earlier findings of a
diffusion/segregation of Rb into/onto the CdS layer.13
IV. SUMMARY AND CONCLUSIONS
A model study of CdS/Cu(In,Ga)Se2 interfaces for thin-film
solar cells was conducted using hard x-ray photoelectron spectro-
scopy from 2.1 up to 14 keV. The detailed structure of the CdS/
CIGSe interface was determined by analyzing the core-level peaks
and the background of inelastic scattered electrons at different
photon energies. The surface-sensitive 2.1 keV measurements
suggest that a less than ∼ 2 nm thick Cd(S,Se) surface layer is
present at the outermost CdS surface. The detailed background
analysis of the Se 2p and 2s spectra at other excitation energies
supports this finding. In this model, our analysis allows to
FIG. 6. Rb 2p3/2 peak for the CIGSe and CdS/CIGSe samples with increasing
buffer layer CBD time, measured with an excitation energy of 2.1 keV.
ARTICLE avs.scitation.org/journal/jva
J. Vac. Sci. Technol. A 39(6) Nov/Dec 2021; doi: 10.1116/6.0001336 39, 063216-7
© Author(s) 2021
accurately determine the CdS film thickness (e.g., 55 ± 5 nm for
the 8.5 min CdS/CIGSe sample). For the thinner CdS films, an
inhomogeneous-growth start model gives insights into thickness
variations at the early stages of the CdS deposition. The systematic
use of different x-ray excitation energies combined with a mix of
surface-sensitive elastic and bulk-sensitive inelastic signals enables
a destruction-free, depth-varied picture of complex buried inter-
faces in applied material systems.
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